Beginning from the 1950's, Paluš and Novotná (2009) observed statistically significant phase coherence among oscillatory modes with the period of approximately 7-8 years detected in monthly time series of sunspot numbers, geomagnetic activity aa index, North Atlantic Oscillation (NAO) index and near-surface air temperature from several mid-latitude European stations. Focusing on geographical distribution of the phenomenon we study Northern Hemisphere patterns of phase coherence between solar/geomagnetic activity and NCEP/NCAR and ERA40 nearsurface air temperature. Both the reanalysis datasets provide consistent patterns of areas with marked phase coupling between solar/geomagnetic activity and climate variability observed in continuous monthly data, independent of the season, however, confined to the temporal scale related to the oscillatory periods about 7-8 years.
Introduction
A renewed interest in the field of Sun-climate relations, namely in detecting and understanding of climate responses to variable solar activity has led to a number of recently published interesting results (see Haigh, 2003 Haigh, , 2005 Haigh, , 2007 De Jager, 2005; Lean et al., 2005; Lockwood and Frohlich, 2007; Tinsley, 2008; Lockwood, 2009 and references therein) . There is empirical evidence that the response to solar signal is not homogenously distributed over the atCorrespondence to: M. Paluš (mp@cs.cas.cz) mosphere, but it shows latitudinal, longitudinal and altitudinal dependence. While there is a well-documented influence of the solar signal in the stratosphere, observations of the tropospheric responses to the solar variability are more ambiguous. Besides the geographical complexity, the dynamical coupling between the stratosphere and troposphere remains poorly understood Simpson et al., 2009) .
In this study we are interested in tropospheric responses to variable solar activity, in particular, in measurable influences of the solar variability observed in near-surface air temperature.
The strongest solar signal in the tropospheric temperature has been observed predominantly in middle latitudes (Haigh, 2003; Lu et al., 2007) , eventually in the tropics and in the middle latitudes of both hemispheres Gleisner et al., 2005) . Analogous latitudinal dependence -maximal response in the middle latitude near-surface air temperature was demonstrated by Lean and Rind (2008) , while Camp and Tung (2007) ; Tung and Camp (2008) observed the strongest solar cycle response in higher latitudes.
With the aim to identify responses to solar forcing, relationships between the solar activity, or quantities closely related to the solar activity, and temperature data have been sought. Besides the well-known sunspot numbers, the aa index characterizing the geomagnetic activity provides the longest data set of solar proxies which goes back to 1868 (Mayaud, 1972) . Significance of geomagnetic activity in investigation of climate response to solar signal is noticed in several works (Usoskin et al., 2005; De Jager and Usoskin, 2006; Lockwood and Frohlich, 2007) .
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M. Paluš and D. Novotná: Northern Hemisphere patterns of phase coherence A search for dynamical mechanisms of interacting complex processes underlying experimental data in many cases starts with an attempt to identify trends, oscillatory processes and/or other potentially deterministic signals in a noisy environment. Paluš and Novotná (1998 , 2008 used the Enhanced Monte-Carlo Singular System Analysis (EMCSSA) in order to detect quasiperiodic phenomena in near-surface air temperature from a number of European stations, in the monthly North Atlantic Oscillation (NAO) index and, more recently, in the geomagnetic aa index and in the sunspot numbers. The North Atlantic Oscillation is a dominant pattern of atmospheric circulation variability in the extratropical Northern Hemisphere, accounting for about 60% of the total sea-level pressure variance. The NAO has a strong effect on European weather conditions, influencing meteorological variables including temperature (Hurrell et al., 2001a,b) . A number of oscillatory modes, some of them with quite similar periods Novotná, 2007, 2008) , have been identified in both the solar/geomagnetic data and climate data, the latter represented by near-surface air temperatures from European stations and the NAO index. The existence of oscillatory modes of common frequencies allows for an application of phase-synchronization analysis (Pikovsky et al., 2001; Paluš and Novotná, 2006; Paluš et al., 2000 Paluš et al., , 2007 in order to detect possible interactions in the studied data. Not surprisingly, 11 years cycles in the sunspot data and the geomagnetic aa index have been found phase-coherent. There was, however, no phase relations found in the 11 years cycle between the solar/geomagnetic data and the climate data, neither the 11 years cycle have been found significantly present in the near-surface air temperature records in the mid-latitude European stations in the EMCSSA tests. Possible harmonics, i.e. cycles with period 5.5 years have been identified in these temperature records, however, they are not locked with the solar 11 years cycle (Paluš and Novotná, 2009 ). These results are in agreement with those of Moore et al. (2006) who found no consistent phase relationship between the 11 years sunspot cycles and the sea ice extent or the spring ice break-up in seas and ports, sea surface temperatures, sea level pressure, and various long meteorological records from cities in Europe.
On the other hand, the EMCSSA analysis statistically confirmed existence of oscillatory modes with the period 7-8 years in both climate (NAO index, near-surface air temperature from mid-latitude European stations) and solar/geomagnetic data. Instantaneous phases of the modes underwent synchronization analysis and their statistically significant phase coherence, beginning from 1950's, has been observed. Thus Paluš and Novotná (2009) were able to present the statistical evidence for a coupling between solar/geomagnetic activity and climate variability, obtained from continuous monthly data, independent of the season, however, confined to the temporal scale related to oscillatory periods about 7-8 years.
In our previous analyses (Paluš and Novotná, 1998 , 2009 ) the long-term near-surface temperature records from European stations were used. In this paper we study Northern Hemisphere geographical patterns of phase coherence between solar/geomagnetic activity and near-surface air temperature from NCEP/NCAR and ERA40 reanalysis data, considering the period 7-8 years oscillatory modes. Thus we map a relative strength of the solar/geomagnetic influence on a part of temperature variability over the Northern Hemisphere and compare the results with the pattern of coherence between the NAO index and NCEP/NCAR and ERA40 near-surface temperatures. For better comparability of results of the previous and the present studies the identical characteristics of solar/geomagnetic activity (sunspots numbers, aa index) were used.
Methods
The phase synchronization analysis (Pikovsky et al., 2001; Paluš and Novotná, 2006; Paluš et al., 2000 is a useful tool for discovering weak dependence in noisy, nonstationary and relatively short data from oscillatory processes. It has many successful applications in physiology (Schäfer et al., 1998) and other sciences (Pikovsky et al., 2001) . In analysis of climate related data, Maraun and Kurths (2005) have found epochs of phase coherence between the El Niño-Southern Oscillation and the Indian monsoon. Tatli (2007) presents phase synchronization between the North Sea-Caspian pattern index and near-surface air temperature over large territories of the extratropical Northern Hemisphere. Considering a system whose evolution is dominated by a (quasi-)oscillatory dynamics, the state of such a system can be described by its instantaneous phase φ (Pikovsky et al., 2001) . For a measured time series, the phase φ can be obtained using the analytic signal concept of Gabor (1946) . For an arbitrary time series s(t) the analytic signal ψ(t) is a complex function of time defined as
The instantaneous phase φ(t) of the signal s(t) is then
There are several ways how to determine the imaginary part s(t) of the analytic signal ψ(t). In the standard approach of Gabor (1946) ,ŝ(t) is given by the (discrete) Hilbert transform of s(t) (Rosenblum et al., 1996; Paluš, 1997; Pikovsky et al., 2001) . When this procedure is applied to a broadband signal, a filtering procedure is required before computing the Hilbert transform. The approach used in this study is based on the wavelet transform (Torrence and Compo, 1998) . Applying a continuous complex wavelet transform (CCWT thereafter) directly to time series s(t), the complex coefficients related to the scale (frequency) of the studied cycles (here the period of 96 months) can directly be used in Eq. (2) for the estimation of the phase φ(t). The CCWT provides both the band-pass filtering of the signal and the phase estimation. In a similar context, Moore et al. (2006) use the wavelet extracted phases to search for relations between the sunspot cycle and various meteorological records. Using the same type of phases, Mokhov and Smirnov (2006) demonstrated that the El Niño-Southern Oscillation drives the North Atlantic Oscillation.
Both the filtering and the phase estimation is also given as an output of singular system analysis. had used the EMCSSA for the detection of the oscillatory modes in the analyzed data. Once the existence of a particular mode is confirmed in the EMCSSA test, for the phase synchronization analysis it is suitable to extract the instantaneous phase of the detected mode by using the CCWT which gives the instantaneous phases correctly localized in time (Paluš and Novotná, 2006; Paluš et al., 2005) .
In the classical case of periodic self-sustained oscillators, existence of their coupling (dependence) can lead to phase synchronization, defined as a phase locking, i.e., the phase difference φ(t) = φ 1 (t) − φ 2 (t) is constant. In the case of phase-synchronized chaotic or other complex and noisy systems, fluctuations of the phase difference typically occur. Therefore, the criterion for phase synchronization is that the absolute values of φ are bounded (Rosenblum et al., 1996) . It is important to note that the instantaneous phases are not represented as cyclic functions in the interval [0,2π ) or [−π,π ), but as monotonously increasing functions on the whole real line. Then also the instantaneous phase difference φ(t) is defined on the real line and is an unbounded (increasing or decreasing) function of time for asynchronous (independent) systems, while epochs of phase synchronization (or coherence) appear as plateaus in φ(t) vs. time plots. In order to prove that the phase synchronization (coherence) indeed exists in the analyzed data, it must be assessed in a quantitative way. A useful quantitative description of phase coupling is the mean phase coherence γ defined as
where means the temporal average. The mean phase coherence (MPC) tends to zero for φ of asynchronous processes and to one for phase locked systems. Considering real, noisy data neither 0 nor 1 is reached. Therefore, possible presence of phase synchronization or phase coherence is assessed in a statistical test based on surrogate data (Paluš, 2007; Paluš and Novotná, 2006) . The numerically generated surrogate data have the same frequency spectra (amplitudes of Fourier coefficients) as the original data, but their Fourier phases are randomized independently for each time series. Thus any dependence between the series, present in the original tested data, is removed in the surrogate data. However, the autocorrelations (serial correlations) of individual series are preserved. A probability that γ o , observed in the analyzed data, can occur by chance without any real dependence, is evaluated using a large number of surrogate data realizations. If the probability of a random occurrence of γ ≥ γ o is smaller than, say, 5%, we say that the statistical test is significant on the level 95%, or with p < 0.05. Such a result is usually considered as the statistical evidence for existence of phase synchronization in the studied pair of time series. Strictly speaking, however, such statistical testing provides the evidence for dependence of the phases, but not necessarily for the specific physical mechanism of phase synchronization. Therefore we will use the broader term "phase coherence" instead of the more specific "phase synchronization".
Data
For comparison with the previous study (Paluš and Novotná, 2009) 1901 -1999 (Klein-Tank et al., 2002 .
In this study we use monthly mean values of the nearsurface air temperature from the NCEP/NCAR (Kalnay et al., 1996) and ERA40 (Simmons and Gibson, 2000) reanalyses. We use the Northern Hemisphere data in the latitudes from 0 to 70 • N in the grid of 2.5 • × 2.5 • in the case of the ERA40 data and 1.875 • × 1.9 • in the case of the NCEP/NCAR data. We evaluate the mean phase coherence for temporal segments of 512 months, starting in January 1958 and ending in August 2000 (see the thick solid line in Fig. 1b) . As the only pre-processing of the data, the annual cycle was removed by subtracting the mean values for each month in the year.
The NAO index is defined as the normalized pressure difference between the Azores and Iceland. The monthly NAO index with its detailed description is available at http: //www.cru.uea.ac.uk/cru/data/. The aa index is a measure of the disturbance level of the Earths magnetic field based on magnetometer observations at two nearly antipodal stations: Hartland observatory in the UK and Canberra observatory in Australia. The aa-index was obtained from World Data Centre for Solar-Terrestrial Physics, Chilton, http://www. ukssdc.ac.uk/wdcc1/wdc menu.html. The sunspot data was obtained from the SIDC-team, Royal Observatory of Belgium, Ringlaan 4, 1180 Brussels, Belgium, http://sidc.oma. be/DATA/monthssn.dat.
The time series with the monthly sampling obtained as the monthly mean values are used in all cases of the analysed data. 
Results
In order to remind the results of our previous study (Paluš and Novotná, 2009 ), in Fig. 1 we plot the instantaneous phase difference φ(t) between the aa index and several near-surface air temperature series, obtained using the central wavelet frequency related to the period of 96 months. The thin solid lines in Fig. 1a illustrate φ(t) between aa index and temperatures from Bamberg, Basel, De Bilt, Potsdam, Vienna and Zurich. The result for the Prague-Klementinum series is plotted in Fig. 1b using the thin solid line. In all cases φ(t) decreases at the beginning, however, a plateau occurs from 1950's. The phase coherence in the plateau was quantified using MPC and mutual information (Paluš, 1997) and tested using Fourier transform-based surrogate data with the results strongly supporting the existence of phase synchronization/coherence on the significance levels about 99.5% (p < 0.005) (Paluš and Novotná, 2009) . For a visual demonstration of the difference between phase coherent and noncoherent modes, we plot φ(t) between the aa index and the Prague near-surface air temperature shifted by 70 years (dashed line in Fig. 1a) . We can see that in this case φ(t) does not plateau but decreases also after 1950's with the same slope as before 1950's. Now, in order to compare station data with the reanalysis gridded data, in Fig. 1b (thick solid line) we plot the instantaneous phase difference φ(t) between the aa index and the near-surface air temperature from the ERA40 grid point 15 • 00 E, 50 • 00 N (the closest ERA40 grid point to Prague). Apparently, φ(t) is confined to the plateau. On the other hand, the decreasing φ(t) (dashed line in Fig. 1b) was obtained from the ERA40 grid point 0 • 00 E, 25 • 00 N which, as we will see below, belongs to one of the areas where no phase coherence between solar/geomagnetic activity and temperature variability was observed. These two φ(t) curves also demonstrate the temporal extent of all the following analyses -a segment of 512 months starting in January 1958, ending in August 2000.
Using the sunspot data with removed modes related to the 11 years cycle Novotná, 2008, 2009 ) and aa index and NAO index without any preprocessing, we have computed the instantaneous phase difference φ(t) between each of these three variables and near-surface air temperature data from each grid point of both the reanalysis sets. The instantaneous phases were obtained from the CCWT using the central wavelet frequency related to the period of 96 months. The behaviour of φ(t) has been quantified by mean phase coherence γ according to Eq. (3). The MPC values are mapped, using color coding, in Fig. 2 for the ERA40 and in Fig. 3 for the NCEP/NCAR reanalysis data. The areas of strong phase coherence between the solar data (top panels) and geomagnetic aa index (middle panels) on one side and the temperature data on the other side seem to be more extended in the ERA40 data (Fig. 2) than in the NCEP/NCAR data (Fig. 3) . Closer inspection and consideration of the different grid densities used, however, give arguments for a quite good consistency of the obtained results.
Statistical evaluation
The statistical significance of the observed mean phase coherence has been evaluated using the Fourier transformbased surrogate data. For each grid point 2000 surrogate realizations have been constructed. It is important to establish the statistical significance in each point separately, since the MPC values and their surrogate ranges depend not only on the actual coherence strength, but also on other properties of particular data. Thus it is impossible to establish a universal critical value for the statistical significance. On the other hand, the large number of statistical tests open the question of simultaneous statistical inference. For instance, testing all the 4176 ERA40 grid points, for the total outcome to be significant on the 95% level, a single point test should be significant on the level 99.999%. Such overly conservative approach would diminish or destroy any significance. A more realistic approach would need to estimate the number of actually independent tests which is not a trivial task. Therefore we present spatially mapped significance based on single tests in Fig. 4 for the ERA40 and in Fig. 5 for the NCEP/NCAR reanalysis data, for better understanding of the absolute MPC values, rather then as a statistical evidence. We remind that we were able to perform the appropriate rigorous tests using the above mentioned station data, so that the statistical evidence for the existence of the discussed phase coherence has been presented in (Paluš and Novotná, 2009 ).
Discussion of the results
A quick comparison of the top and middle panels in Figs. 2-5 reminds the results from the station data (Paluš and Novotná, 2009) where the coherence of temperature with the sunspot data has been weaker than that with the geomagnetic data, however, all the results were statistically significant. Here the areas of high coherence between temperature and the sunspot data (top panels in Figs. 2-5) are less extended than the areas of high coherence between temperature and the aa index (middle panels in Figs. 2-5 ). The areas of high coherence of temperature with the sunspot data are subsets of the coherence areas of temperature with the aa index. This generally seems to be the case, with one exception -the Great Britain and Ireland, the areas with quite high and statistically significant phase coherence between temperature and the sunspot data, but with low (insignificant in NCEP/NCAR data) coherence with the aa index.
Since Paluš and Novotná (2009) observed mutual coherence of temperature, the sunspot data, the aa index and the NAO index, it might be useful to study also the coherence patterns between temperature and the NAO index (bottom panels in Fig. 2-5 ). These areas are the most extended and include consistently the areas of phase coherence of temperature with the geomagnetic aa index and consequently also the areas of coherence with the sunspot data, however, with the exception of the Great Britain and Ireland, as noted above. The area of high phase coherence of temperature with NAO corresponds to the area of impacts of Atlantic climate variability depicted by Marshall et al. (2001) .
These findings could open the debate about the role of the NAO phenomenon (Hurrell et al., 2001a,b) in possible transmission of the solar signal from the stratosphere to the troposphere and about the role of geomagnetic activity in the climate variability.
7 General discussion and conclusion Thejll et al. (2003) observed correlations between the geomagnetic Ap index and the winter NAO, increasing from 1950's, although statistically significant from 1970's. Using filtered data of the yearly aa index and the winter NAO index, Lukianova and Alekseev (2004) claim that their correlation is significant since the end of 1940's. Novotná (2007, 2008) proved existence of common oscillatory modes (i.e., the modes with the same average period) in the solar/geomagnetic and climate data. Therefore they were able to apply the synchronization analysis in order to find a possible dependence between the phases of the observed oscillatory modes, and thus to find possible scale-specific relationships of the solar, geomagnetic and climate variability. The phase coherence has been found and statistically confirmed in relationships of the oscillatory modes with the period of approximately 7-8 years detected in the sunspot data, the aa index, the NAO index and the near-surface air temperature from several European stations, starting in 1950's in the continuous monthly records independent of the season, and without any special preprocessing such as removal of El Niño and volcanic signals (Paluš and Novotná, 2009) .
In this paper we present the Northern Hemisphere patterns of phase coherence between solar/geomagnetic activity and NCEP/NCAR and ERA40 near-surface air temperature in period 7-8 years oscillatory modes, again in the continuous monthly records independent of the season, and without any special data preprocessing. The temporal scale related to the oscillatory period 7-8 years has not been chosen arbitrarily, but based on our previous results proving the existence of the period 7-8 years oscillatory modes in the solar/geomagnetic and climate data (Paluš and Novotná, 1998 , 2008 .
It is important to note that our oscillatory modes detection results are not isolated in the scientific literature. Plaut et al. (1995) detected an oscillatory component with the period 7.7 years in 335 years long central England temperature record. The oscillatory mode with the period of 7.8 years has been detected in the NAO, in the Arctic Oscillation, in the Uppsala winter near-surface air temperature, as well as in the Baltic Sea ice annual maximum extent by Jevrejeva and Moore (2001) . Applying MCSSA to the winter NAO index, Gámiz-Fortis et al. (2002) detected oscillations with the period 7.7 years. Unal and Ghil (1995) and observed oscillations with periods of 7-8.5 years in a number of sea level records. Feliks and Ghil (2007) report the significant oscillatory mode with the 7.8 year period in the Nile River record, the Jerusalem precipitation, tree rings and in the NAO index. Da Costa and Colin de Verdiere (2002) have detected oscillations with the period 7.7 years in interactions of the sea surface temperature and the sea level pressure. Using global sea-surface temperature fields, Moron et al. (1998) observed 7-8 years oscillations involving the entire double-gyre circulation of the North Atlantic. In an analysis of the mechanisms responsible for interannual variability in the Greenland Iceland-Norwegian Seas, Gámiz-Fortis and Sutton (2007) obtained a quasi-periodic, similar to 7-year signal in sea surface temperature and sea surface salinity using a control integration of the HadCM3 coupled climate model. Thus the oscillatory phenomena with the period 7-8 years present an important part of climate variability. We have shown the Northern Hemisphere patterns of phase coherence between the period 7-8 years oscillatory modes in near-surface air temperature and solar/geomagnetic activity during the second half of the 20th century. Tung and Camp (2008) discussed some inconsistency between the ERA40 and NCEP/NCAR reanalysis data related to derivation of the surface temperature. Gleisner et al. (2005) reported weaker solar signal response in the ERA40 data than in the NCEP/NCAR data in the upper troposphere thickness, and substantially weaker solar signal response in both data sets in lower troposphere thickness. Pišoft et al. (2009) point to inconsistencies in occurrence of approximate 8 years periodicities in different geopotential levels in reanalysis temperature data with weaker signal in the ERA40 data set. Using the temporal scale of naturally existing oscillatory phenomena we have found almost consistent results using both the ERA40 and NCEP/NCAR reanalysis data. We pose a question about a possible role of the NAO in the transmission of the solar influence from the stratosphere to the troposphere. The future aims range from technical tasks (analysis of different solar data, inclusion of the Southern Hemisphere), through theoretical challenges related to the origin of the observed oscillatory modes and their interactions (Does NAO play a role in the solar signal transition mechanism from the stratosphere to the troposphere? Or, is NAO the instigator of the observed phase coherence and other synchronization phenomena which can lead to climate shifts, as recently proposed by Wang et al. (2009)?) to the quite critical question about the role of this part of climate variability in the present climate change.
The atmospheric processes are nonlinear and thus we cannot expect full understanding of weather and climate evolution within the framework of linear theory. Nonlinear phenomena such as phase synchronization can help to understand cooperative behaviour and coupling within atmospheric phenomena and with possible external influences. We believe that the presented results will foster relevant discussions and the research in this direction can contribute to understanding of the role of the solar and geomagnetic activity in the changing climate.
